Planktonic marine cyanobacteria of the genus Trichodesmium occur throughout the oligotrophic tropical and subtropical oceans. Their unusual adaptations, from the molecular to the macroscopic level, contribute to their ecological success and biogeochemical importance. Trichodesmium fixes nitrogen gas (N 2 ) under fully aerobic conditions while photosynthetically evolving oxygen. Its temporal pattern of N 2 fixation results from an endogenous daily cycle that confines N 2 fixation to daylight hours. Trichodesmium colonies provide a unique pelagic habitat that supports a complex assemblage of consortial organisms. These colonies often represent a large fraction of the plant biomass in tropical, oligotrophic waters and contribute substantially to primary production. N 2 fixation by Trichodesmium is likely a major input to the marine and global nitrogen cycle.
Trichodesmium, a colonial marine cyanobacterium (1) (Fig. 1) , has intrigued naturalists, biologists, and mariners for well over a century (2). These cyanobacteria have been reported throughout the tropical and subtropical Atlantic, Pacific, and Indian oceans, as well as the Caribbean and South China seas ( Fig. 2) (3, 4) . Modern interest in Trichodesmium dates to the early 1960s with the recognition that the biological productivity of large expanses of the ocean is often limited by the availability of nitrogen (5) and the observation that Trichodesmium is diazotrophic (that is, an N 2 fixer). The current focus in assessing the global role of the upper ocean in assimilating atmospheric CO 2 has elevated the importance of quantifying marine N 2 fixation.
Although major advances in understanding the biology of Trichodesmium have recently occurred on diverse fronts, several important questions remain largely unresolved: (i) Where does Trichodesmium fit in the broader scheme of cyanobacterial phylogeny? (ii) How does Trichodesmium sustain simultaneous photosynthetic O 2 evolution with nitrogenase activity, and why does it fix N 2 only during daylight periods? (iii) What physiological, morphological, and behavioral adaptations contribute to Trichodesmium's ecological success in the oligotrophic marine environment? (iv) What environmental and ecological factors control production and N 2 fixation in Trichodesmium in situ, and to what extent does it contribute to productivity, nutrient cycling, and trophodynamics in tropical and subtropical seas? (v) What is the over-all importance of Trichodesmium N 2 fixation and primary production in the global marine N and C cycles?
Molecular and Physiological Features
Open-ocean marine N-cycle studies and basic N 2 fixation research converged in 1961 when Dugdale et al. first identified Trichodesmium as a putative light-dependent N 2 fixer (6). However, as a nonheterocystous N 2 fixer, Trichodesmium represented a clear exception to the prevailing dogma (7) and, in the absence of a pure culture or other definitive evidence, its ability to fix N 2 was viewed with some caution (8). A comparison of the DNA sequence of the gene that codes for the Fe protein of nitrogenase (nifH) obtained from natural populations of Trichodesmium with that from a Trichodesmium isolate (9) provided the first direct evidence of the cyanobacterial origin of the nitrogenase activity associated with Trichodesmium. Later immunolocalization studies showed that the nitrogenase protein occurs within Trichodesmium cells (10-12).
The diversity among forms of Trichodesmium with respect to cellular and colonial morphology has prompted extended debate concerning its taxonomy and phylogenetic position within the cyanobacteria. With the relatively recent isolation and maintenance of cultures of the organism (13, 14) and the development of structural and molecular biological approaches to characterizing natural populations, the taxonomic status of Trichodesmium populations has gained firmer footing. Sequence analysis of nifH and 16S ribosomal DNA (rDNA) has enabled inference of the taxonomic identity of the Trichodesmium sp. isolates and has provided additional bases for distinguishing Trichodesmium species as well as the means to determine the relative phylogenetic relation of Trichodesmium to other bacteria and cyanobacteria (15, 16) . The data are consistent with differences in trichome dimensions and colony morphology that had been used in previous taxonomic schemes (15). The nitrogenase DNA sequences of field samples of T. thiebautii and both field and culture samples of T. erythraeum were very similar (98% over 325 nucleotides), in contrast to comparisons of nitrogenase nifH gene sequences between species of other cyanobacterial genera, which are as low as 75% similar. Trichodesmium nifH sequences from three species form a deeply branching cluster within the cyanobacteria (Fig. 3) , implying a very early radiation in cyanobacterial evolution. Although the nifH sequence indicates that Trichodesmium sp. NIBB 1067 is distantly related to other cyanobacteria, it appears relatively closely related to an oscillatorian on the basis of its 16S rDNA sequence (17) . The reason for the differences in phylogenetic association based on the two genes is not yet clear but could involve convergent evolution (in nifH) or lateral transfer (of nifH or 16S ribosomal RNA genes). The rather distant relation of the Trichodesmium nifH gene to that of other cyanobacteria suggests that Trichodesmium nifH evolution may be constrained by the structural requirements for aerobic N 2 fixation.
One of the most intriguing aspects of Trichodesmium biology is the simultaneous occurrence of N 2 fixation and photosynthesis. Several hypotheses explaining how Trichodesmium might fix N 2 aerobically have been proposed. First, it is possible that the properties of Trichodesmium nitrogenase are unique with respect to their resistance to O 2 inactivation. Second, nitrogenase may be transiently modified to protect it from permanent O 2 deactivation, or it may be continually synthesized to replace protein being inactivated by O 2 . Third, there may be intracellular O 2 -consumptive processes that maintain O 2 at concentrations compatible with N 2 fixation. Finally, N 2 fixation and photosynthesis may be spatially segregated in some manner-for instance, either within specific regions in a colony or by cell differentiation within a trichome-such that N 2 fixation and photosynthesis are mutually exclusive within individual cells.
Mapping of the Trichodesmium nitrogenase operon and subsequent sequencing of nitrogenase structural genes demonstrated Continuous nitrogenase synthesis, as observed in other nonheterocystous cyanobacteria (7), could replace nitrogenase inactivated by O 2 and thereby provide a mechanism for simultaneous N 2 fixation and photosynthesis. However, nitrogenase activity in Trichodesmium is sustained for several hours in the presence of the protein synthesis inhibitor chloramphenicol (19, 20) and well after the disappearance of nifH messenger RNA (21) , which indicates a relatively low turnover rate of nitrogenase protein during the active period of N 2 fixation. In some diazotrophs, nitrogenase may be protected from permanent inactivation by O 2 through conformational changes or covalent modification (7). The Fe protein of Trichodesmium nitrogenase can be modified in response to O 2 stress (19, 22) , although the nature of the modification and whether this modification confers protection have yet to be determined.
Experimental (24) .
Fogg (25) first offered the provocative hypothesis that a spatial segregation of O 2 evolution and nitrogenase activity (analogous to that between vegetative cells and heterocysts) occurs within Trichodesmium colonies. He postulated that photosystem II (PS II)-associated O 2 production took place in trichomes near the periphery of the colony, whereas nitrogenase activity was confined to the inner portions of the colony that lacked PS II. Experimental evidence supporting this idea was provided (26, 27) soon after Fogg's original suggestion. However, other findings suggest that nitrogenase and oxygenic photosynthesis may co-occur in cells and that colony integrity is not an absolute prerequisite for activity (28) . Early suggestions that Trichodesmium might differentiate N 2 -fixing and photosynthesizing cells along individual trichomes have recently gained support (29). If cellular delegation of activity through differentiation is conclusively demonstrated as a general mechanism in Trichodesmium, it would provide an invaluable model for molecular-level studies of a simple differentiated system.
The proposed mechanisms summarized above are not mutually exclusive. Trichodesmium most likely uses several strategies to permit nitrogenase activity during photosynthesis. Other mechanisms that enable the co-occurrence of nitrogenase activity and oxygenic photosynthesis in this organism may yet be identified. Regardless of how Trichodesmium is able to fix N 2 in the light, it is equally curious that in natural populations N 2 fixation occurs only during the day and is not performed during the night, as is characteristic for other nonheterocystous cyanobacteria (7). Saino and Hattori (30) first observed that nitrogenase was only active in samples of Trichodesmium collected during daylight hours: Samples collected at night were incapable of N 2 fixation under artificial light. They suggested, 8 years before circadian rhythms were identified in any prokaryote (31) , that the daily cycle of N 2 fixation in Trichodesmium might be attributable to an endogenous rhythm. Research into the dynamics of the nitrogenase pool and nifH transcription in natural populations revealed a dynamic daily cycle of synthesis, activity, and degradation, directly coupled to the light cycle (19) (20) (21) , thus providing a mechanistic explanation for the original observations.
A primary criterion for establishing the endogenous nature of N 2 fixation in Trichodesmium-its persistence over several cycles in constant light-has recently been provided in Trichodesmium sp. IMS 101 (32). The circadian clock, which appears to be set by illumination patterns, is likely to be of adaptive significance in ensuring that synthesis is induced in anticipation of the light period, thus optimizing the efficiency of light-driven N 2 fixation in the relatively stable environment of tropical and subtropical seas. This is the first endogenous rhythm to be confirmed in a prokaryote other than a coccoid cyanobacterium (31).
Ecology
Trichodesmium primarily inhabits surface waters of oligotrophic, tropical, and subtropical oceans, and is encountered in high abundance in western boundary currents (for example, the Gulf Stream, Kuroshio), in tropical portions of the central gyres, and in several ocean margin seas (3) (Fig. 2) . The water column of these environments is generally very stable, with the upper mixed layer often around 100 m. This zone is characterized by low nutrient concentrations, very clear waters, and deep light penetration.
In an environment where the densities of microorganisms are very low and the waters highly transparent, Trichodesmium is unusual in that it is visually prominent, especially during surface blooms. The observed abundance of Trichodesmium in nutrient-depleted waters prompts the question of how it is uniquely adapted to this environment. Characteristics of Trichodesmium that appear to contribute to its success in the oligotrophic open ocean include its capability to fix N 2 ; its natural buoyancy, which positions it in the upper water column; a photosynthetic apparatus adapted to a high-light regime; and a relatively low growth rate, which, coupled with a lack of major grazers, allows it to maintain relatively high biomass.
Despite its ability to fix N 2 and its hab- . Evolutionary relation of the genus Trichodesmium to other diazotrophs on the basis of nifH amino acid sequence data. The evolutionary distances between deduced amino acid sequences were used to create a phenogram using the neighbor-joining method of PHYLIP (96) . The Fe protein gene (nifH) of Trichodesmium was amplified from cultures by means of the polymerase chain reaction (9). Trichodesmium nifH sequences cluster relatively distantly from other cyanobacterial genera, implying that the Trichodesmium genus diverged early in evolution. The nifH DNA sequences obtained from field collections of T. erythraeum and T. thiebautii are very similar (98%) and could be distinguished by only a few signature nucleotides (short distances among Trichodesmium species nifH sequences cannot be distinguished here).
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www.sciencemag.org ⅐ SCIENCE ⅐ VOL. 276 ⅐ 23 MAY 1997 itation in the high-light environment of the near surface, Trichodesmium has growth rates that are low relative to those of many eukaryotic phytoplankton (4). Even in culture, the doubling times of Trichodesmium are slow (ϳ3 to 5 days), which suggests that a relatively low growth rate may in fact be an adaptation for exploiting the high-energy but low-nutrient conditions of the oligotrophic oceans (33). Because of its diazotrophic capacity, Trichodesmium growth rates are presumably limited by the availability of non-N nutrients. Field and laboratory data suggest that Fe is a key factor limiting Trichodesmium N 2 fixation and growth rates (34-36).
A key characteristic of Trichodesmium is the presence of gas vesicles, which provide buoyancy (37) and help maintain Trichodesmium populations in the upper surface waters. As has been noted in other planktonic cyanobacteria, the buoyancy of Trichodesmium is a dynamic property: A daily cycle of rising and sinking of colonies is often observed, and this may be a result of cell ballasting through the progressive increase of relatively dense carbohydrate and protein accumulating from photosynthesis through the day (38) .
Wind stress at the surface affects the qualitative distribution of Trichodesmium populations. Relatively high and steady winds of the Trade Wind belts mix plankton populations throughout the upper euphotic zone, but natural buoyancy counteracts mixing to the bottom of the mixed layer; population densities are generally greatest at relatively shallow depths (20 to 40 m) in the upper water column (3, 4) (Fig. 4) .
Localization of the population in the high-irradiance upper water column is an adaptation that may provide a solution to the constraint of high compensation points (23) (equivalent to compensation depths of ϳ50 to 70 m in oligotrophic waters) and the added energetic demands of N 2 fixation. Pigment composition and photosynthetic parameters indicate a photosystem adapted for both maximum efficiency and photoprotection at high light (4, 39). Moreover, Fe enters the open ocean primarily through atmospheric deposition, and location of these organisms in the upper water column may be advantageous with respect to Fe acquisition (35) .
When wind stress is low for an extended period, the intrinsic buoyancy of Trichodesmium can have striking consequences, leading to the development of extensive surface blooms or "red tides" (3, 39, 40) . These phenomena, which range in actual color from yellow to brown, are easily observed by satellite ( Fig. 5) (41, 42) . The accumulation of the population at the surface for an extended period may result in photoinhibition (43) and, possibly, photooxidative damage (3, 4, 39); however, bloom organisms appear to be metabolically active, growing (40, 41) , and relatively resistant to photoinduced damage (39) .
Although physical processes most often dominate oceanic plankton distributions, large surface accumulations of Trichodesmium may affect the bulk physical and chemical properties of surface waters. Mesoscale sea-surface features of the extent and intensity characteristic of some Trichodesmium blooms likely modify light penetration and the quality of the in situ light field (43) as well as heat and gas transfer across the ocean-atmosphere interface (44) . Organic and inorganic nutrients accumulate during blooms and can affect subsequent phytoplankton succession and productivity (40) .
Ecologically, Trichodesmium affects the structure and function of the oligotrophic ocean by contributing to its productivity and trophodynamics, as well as by providing a unique pelagic habitat. Upon close inspection, many colonies reveal a microcosm including bacteria, other cyanobacteria, protozoa, fungi, hydrozoans, and copepods (45) . Nitrogen and carbon fixed by Trichodesmium enters the food web, but not necessarily through increased C and N flux into classical food chains. Some species of Trichodesmium produce a toxin that deters grazing by calanoid and cyclopoid copepods, considered to be the major grazers in these systems (46) . A specialized group of harpacticoid copepods appear adapted to the toxin and are capable of directly grazing Trichodesmium (47), although their quantitative role in the consumption of Trichodesmium is unknown. Although there are anecdotal reports of the presence of Trichodesmium in the guts of gelatinous zooplankton and fish (4), this does not appear to be a quantitatively important fate for Trichodesmium biomass, and much of the C and N fixed by Trichodesmium likely enters upper trophic levels by other pathways. In natural populations of Trichodesmium, a large proportion of recently fixed N is released as organic N (48). Besides providing a means of exchange between N 2 -fixing and non-N 2 -fixing cells in the colonies, this exudation may be an important source of C and N for microbes inhabiting the colonies (49) or free-living in the water column, and ultimately may be a source of inorganic N for phytoplankton.
Biogeochemistry
With its cosmopolitan distribution throughout much of the oligotrophic tropical and subtropical oceans (3) and its capacity to form extensive surface blooms (40) (41) (42) , Trichodesmium may be one of the most globally important cyanobacteria and phytoplankton. However, there is insufficient quantitative information to substantiate this inference, possibly because of the unique problems associated with assessing the biomass and productivity of Trichodesmium by traditional methods as well as the inherent difficulty in sampling ephemeral blooms (50). As a result, the contribution of Trichodesmium to marine C and N input has generally been considered relatively small (51). Recent data, however, suggest otherwise.
Accurately quantifying N 2 fixation in the seas has direct bearing on our understanding of C flux in the tropical oceans. According to the "new production" concept (52), in steady-state marine systems the amount of organic N removed from the system (that is, the euphotic zone) should equal external ("new") N inputs entering that system. Although N 2 fixation is a potential source of new N, NO 3 Ϫ from depth is generally considered the quantitatively dominant source of new N in most openocean systems (52). Areal rates of total production in tropical oligotrophic regions are typically very low (53), and the relative amount of production dependent on new N (that is, "new" production) is thought to be small; nonetheless, the export of organic N and C from the upper water column of oligotrophic regions is important in the marine C and N budgets because the total area involved is vast (53).
The increase in atmospheric CO 2 has provided added impetus to the quest to quantify oceanic primary production and its rate of removal to depth (54). N 2 fixation and vertical NO 3 -flux from depth have different potentials for supporting primary production and effecting net removal of CO 2 from the atmosphere. Vertical NO 3 Ϫ flux occurs with a concurrent upward flux of CO 2 and PO 4 3-from depth, often close to the stoichiometric requirement of phytoplankton. Thus, relative to N 2 fixation, NO 3 -derived from depth has limited capacity for effecting net removal of atmospheric CO 2 . N 2 fixation represents a source of new N entering the system that can account for a net sequestering of atmospheric CO 2 into export production (55).
Recently, several independent lines of evidence have prompted speculation that marine N 2 fixation has been severely underestimated and may play a larger role in global C and N fluxes. Large imbalances in the estimated N budgets for the North Atlantic, central North Pacific, Indian, and global oceans have prompted speculation as to unknown or poorly quantified N inputs, and N 2 fixation may provide the missing source of N (56).
For nonupwelling regions of the tropical and subtropical North Atlantic, the vertical flux of NO 3 -, assumed to represent the bulk of the influx of new N into the euphotic zone (52), is estimated to range from 30 to 150 mol N m Ϫ2 day Ϫ1 (57). However, such estimates of new N inputs are often insufficient to satisfy the calculated demand for new N and organic export from the euphotic zone (57), which suggests the existence of sources of combined N in addition to vertical NO 3 -flux. Other biogeochemical approaches also reveal N demand in, or losses from, the upper water column exceeding current estimates of N inputs, further indicating unquantified inputs (58).
Independent evidence that N 2 fixation may be of greater relevance than currently believed derives from studies of the natural isotopic abundance of 15 N in surface particulate organic nitrogen (PON). Trichodesmium has a low ␦ 15 N, typical of N 2 -fixing organisms (59). Relative to the isotopic composition of PON in more nutrient-rich areas, the ␦ 15 N of suspended particles and zooplankton in surface waters of the western and central tropical Pacific and in the Caribbean is often low and inversely related to the abundance of Trichodesmium. This suggests that the isotopically light PON in these waters is a result of N 2 fixation by Trichodesmium (59).
Relative to conventional assessments of planktonic standing crop, primary productivity, and inorganic N uptake, there are few direct estimates of Trichodesmium biomass and its rate of N 2 fixation (50) ( *Data as originally presented using a 6.3 :1 conversion ratio. †Data based on direct 15 N 2 uptake. Average rates from 0 and 15 m are assumed over the top 20 m and have been increased by 50% to account for activity below 20 m, on the basis of data for the region from Fig. 4 and (64) . respect to subtropical waters such as the Sargasso Sea, previous studies have detected appreciable populations of Trichodesmium only for limited periods during the summer, and the calculated contributions of Trichodesmium to C and N input were relatively small (Table 1) (61) .
In tropical studies, despite low growth rates, the relatively high biomass of Trichodesmium in these regions implies that it may account for a quantitatively important input of organic C, and data from several studies have provided support for this idea (60) (Fig. 4) These estimates of N input through N 2 fixation in tropical areas are roughly equivalent to the estimates of vertical NO 3 Ϫ flux given above and suggest that these two processes are of comparable importance in new N input. Moreover, recent evidence indicates that actual eddy diffusivities are at the lower range of those values currently assumed (66) . If this is correct, it would lower the estimate of N input by vertical flux of NO 3 Ϫ and correspondingly increase the relative importance of upper water column N 2 fixation to overall N input. The extreme depth of the euphotic zone in the oligotrophic open ocean (Ͼ100 m), and the absence of measurable NO 3 -throughout much of the upper water column of the highly oligotrophic tropical areas, imply an uncoupling between the reservoirs of NO 3 -at depth and productivity in the near surface. Any NO 3 Ϫ that penetrates up from depth is likely to be assimilated at the chlorophyll maximum, typically located near the 1% light level near the nitracline.
Although numerous blooms have been documented and their spatial extent and biomass density have been estimated (40) (41) (42) , the effect of a given bloom on C and N input has been determined only on a few occasions. For three studies that directly measured N 2 fixation in surface blooms, the input of N in the bloom was about three times that occurring throughout the rest of the water column (67) .
Taken together, these observations strongly indicate that N 2 fixation is an important component of the marine N budget that needs to be considered in basin-scale studies of N cycling and in calculations of global N budgets. In addition to N 2 fixation, other potentially significant "new" N inputs, such as atmospheric deposition of dissolved inorganic and organic N, have been poorly quantified or ignored in the past (68) . More accurate assessment of their contributions to the oceanic N cycle will further help to rectify current discrepancies in basin-scale and oceanic N budgets.
Future Research and Prospects
Research efforts from a molecular to a global perspective provide a new basis for understanding the biology and ecology of Trichodesmium and inferring its role in global biogeochemical cycles. Physiological, genetic, and immunological evidence have confirmed Trichodesmium, rather than associated microorganisms, as the main N 2 fixer in its colonial aggregates. Trichodesmium fixes N 2 aerobically, possibly in the same cell and at the same time as it evolves O 2 through photosynthesis, making it a unique and valuable model organism for the study of N 2 fixation in photosynthetic organisms. As one of the few prokaryotic systems identified as having an endogenous rhythm, Trichodesmium has a relative biochemical simplicity that makes it an attractive system for identifying the genetic and physiological factors regulating components of its biological clock.
Multiple characteristics have been identified that contribute to the ability of Trichodesmium to fix N 2 aerobically, but a single critical component that allows simultaneous photosynthesis and nitrogenase activity of nitrogenase has yet to be found, and seemingly conflicting results need to be reconciled. The dichotomy in growth rate estimates based on C or N in natural populations needs also to be resolved. The availability of robust cultures will greatly improve our knowledge of the biochemical functioning of these unusual diazotrophs.
A variety of recognized morphological and functional features demonstrate Trichodesmium to be well adapted to the Npoor oligotrophic ocean environment. Of particular ecological relevance may be its cyclic patterns of vertical migration, N 2 fixation, and photoprotective processes. However, we have yet to develop an integrative physiological model directly linking these ecological behaviors in cultures or in natural populations. More rigorous definition of the interplay of physical and chemical limiting factors will provide important constraints for modeling and predicting the in situ dynamics of these populations.
The accumulating evidence strongly indicates a much more important role of Trichodesmium in oceanic biogeochemistry than it is currently afforded. Synoptic estimates of the areal and temporal extent of Trichodesmium populations and, particularly, blooms by new and planned satellite sensors [for example, the ocean color and temperature scanner (OCTS) and the seaviewing wide field-of-view sensor (SeaWiFS)], coupled with the development of in situ methods of enumerating these populations (for example, fluorescence-based optical plankton counters and laser-induced fluorescence imagers), will further refine and advance our knowledge of occurrence in tropical and subtropical seas. This information will be useful in determining the potential role of blooms in the modification of system-scale features such as heat, material flux, and albedo. The more comprehensive database on Trichodesmium population biomass and distribution derived from satellite studies, along with expanded direct information on its in situ contributions to C and N cycling, will also allow for more precise extrapolation of its oceanic contributions to new N inputs as well as the inclusion of Trichodesmium as an explicit component of large-scale modeling of oceanic productivity.
Variations in oceanic productivity over glacial-interglacial time scales have been directly related to subtle variations in the extent of denitrification and cyanobacterial (that is, Trichodesmium) N 2 fixation in the sea (69) . The possibility exists for use of nucleotide probes of nifH to examine paleoecological trends of Trichodesmium populations in oceanic sediment cores (70) . Developing a firm understanding of the dynamics and controls of Trichodesmium populations in the contemporaneous ocean, along with information on its population trends over geological time scales, will lead to important new insights about controls of oceanic productivity.
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1. The genus Trichodesmium is composed of a small number of marine cyanobacterial species within the order Oscillatoriales and was first described by Ehrenberg (71) . As the name Trichodesmium implies (from the Greek, tricho: hair, desmos: chain), they are filamentous. Trichodesmium species are most often observed as fusiform or spherical colonies, although they also occur as single trichomes (72, 73 15 N and similar to that of the available pool of N 2 (that is, ␦ 15 N near zero). This is distinct from organic matter production dependent on fixed forms of N, which are usually heavier (that is, a greater relative ratio of 15 N to 14 N) , and thereby provides a distinct signature for tracing the movement of recently fixed N into the food web. Light PON is most often found in areas where Trichodesmium is abundant (84, 90) 
